In this paper, we study the RF feeding system for a set of standing-wave accelerator structures.
I. INTRODUCTION
Unlike traveling-wave accelerator structures, standing-wave accelerator structures gives a high-reflected signal at the beginning of the input pulse. This is usually managed by using a microwave circulator at the input port of the structure. An example of this RF system is presented in the TESLA Design Report [1] . It is also possible to feed two accelerator structures together through a 3-dB hybrid. If the distance between one of the proper ports of the 3-dB hybrid and the first accelerator structure is equal to the distance between the second accelerator structure and the second proper 3-dB hybrid port, the reflected signal is directed to the fourth port of the hybrid where it is absorbed in a load. This isolates the structures from the RF source. This technique was used for feeding SLAC's X-band standing-wave accelerator structures [2] . Here it is shown that feeding a set of standingwave accelerator structures with a chain of directional couplers can be arranged so that there is no reflection back to the source. Also the structures are essentially decoupled from each other. The system response under fault conditions due to RF breakdown in the feeding waveguide or accelerator structures is studied, as well as the system response and the coupling between accelerator structures due to the finite directivities of the directional couplers. This type of RF distribution system is cost effective in long linacs containing many accelerator structures, such as the ILC [3] , because it eliminates circulators and simplifies the RF waveguide distribution system.
II. SYSTEM ANALYSIS
Consider the system shown in Fig. 1 . In this system, a set of n standing-wave accelerator structures are fed by one waveguide running parallel to the structures. The waveguide is interrupted by a series of n − 1 directional couplers that bleeds off some of the RF power in the waveguide to feed the accelerator structures. The reflected signal from the accelerator structures is then partially fed to the loads attached to the directional couplers and depending on their relative phases some power is reflected to the source and some is lost in the loads. To the extent of the finite directivity of the directional couplers, there should be no power coupling from one accelerator structure to another due to the reflected power. Clearly the last directional coupler (i.e., the n − 1 coupler) has to be a 3-dB Hybrid to split the power equally between the n and the n − 1 accelerator structure. The directional coupler before that, the n − 2 coupler, has to couple one-third of the incident power to the structure and passes the remaining two-thirds of the power to the next coupler, etc.
A general expression for the scattering matrix of the i th four-port directional coupler that guarantees unitarity and reciprocity, is then given by:
The port numbers are shown in Figure 2 . To guarantee acceleration for a speed of light particle, the RF phase difference, φ, between two successive accelerator structures depends on the spacing L between the structures and is given by:
where ω is the operating angular frequency and c is the speed of light in free space. To adjust this phase both the spacing between directional couplers, and the length of the arm between the directional coupler and the accelerator structure are used. Note the phase angle for the space between the i th coupler and (i th + 1) coupler by θ(i) . In order to satisfy Eq.(2) the phase angle ψ(i) produced by the arm connecting the i th directional coupler to the i th accelerator structure has to have the following form:
Given the phase lengths at the fourth and second ports of the i th directional coupler, one can define a new scattering matrix for the directional couplers, see Figure 2 . The ports of this scattering matrix are defined as follows:
• Port 1 is the input of the coupler.
• Port 2 is located at the input of the i th accelerator structure.
• Port 3 is connected to a matched load.
• Port 4 is located at the input of the (i th + 1) coupler.
This scattering matrix is given by:
Assuming all standing-wave accelerator structures are identical, one can calculate the reflected power to the source. During the beginning of the charging phase (i.e., at a time t << t f ; where t f is filling time of the accelerator structure) most of the power is being reflected from the accelerator structure. One can then consider the worst case scenario, where all the power is being reflected simultaneously from all accelerator structures. The input vector to the i th scattering matrix is then given by:
The 
The scattered field from Port 1 of the i th directional coupler is the input to Port 4 of the i − 1 coupler. For example:
For the last directional coupler in the chain, the n − 1 coupler, V + 4 is simply the reflection from the last, the n th , accelerator structure and is given by:
Using Eqs.(4) through (8) one can calculate the reflected signal to the source. By induction, a general expression for that coefficient can be calculated and is given by:
Eq(9) is the fundamental result of this work. It shows that the reflection to the source depends only on the spacing between accelerator structures (i.e., the angle φ). Also, it shows that it is always possible to choose this spacing to cancel the reflection completely to the sources; this happens at φ = iπ/n, i = jn, i, j ∈ Z. Using Eq(2), this spacing is then given by:
Eq(10) is plotted in Figure 3 for the case of eight accelerator structures, (n = 8). Several comments on this graph are in order. The envelop of the reflection coefficient has a minimum at L = iλ/2 + λ/4, i ∈ Z. One can show that this minimum is equal to 1/n. If one chooses the separation between accelerator structure near this minimum, the resulting system would not be very sensitive to the tolerance on this separation (i.e., one need not hit exactly the septation that nulls the refection coefficient). This gives the system designer more freedom to choose the distance between accelerator structures.
Some of the reflected power from the structures are absorbed by the loads that are attached to the directional couplers. For n structures having a φ phase advance between each two consecutive structures, an explicit expression for the power dissipated in j th load is:
For the spacing between structures that makes the reflection coefficient identically zero, the reflected power from the accelerator structures is distributed among the loads. In this case, for a system with n structures separated by L(i), Eq (11) reduces to:
Note that n−1 j=1 P (j, i, n) = 1. Because P (j, i, n) is an even function of i, there is only n/2 possible distributions. Figure 4 shows a plot of the power distributions among the loads for an eight-structure system for different structure separation L(i), i = 1, 2, 3, 4.
III. SYSTEM RESPONSE UNDER FAULT CONDITIONS

A. Residual Reflection due to Structure Failure
Now consider what happens if one of the structures fails. The following calculates two cases. First, if the structure or its fundamental mode coupler starts to arc, and instead of reflecting the power the power gets absorbed by the arc. It is assumed, for simplicity, the extreme case of the power being absorbed completely by the i th structure. Second, consider the case of a structures or coupler failure long after all the structures are filled with energy and essentially do not reflect any power back to the source. Also, for simplicity, consider the extreme case of unity reflection coefficient from the i th structure, while the rest of the structures are essentially matched.
For the first case, the residual reflection coefficient is:
If φ satisfies the spacing conditions given by Eq(10) then the magnitude of |R res | = 1/n.
In the second case, where only one of the accelerator structures is reflecting the incident power the residual reflection is also |R res | = 1/n. This is obvious since the magnitude of the coupling between the input port and any output port is 1/ √ n.
B. Residual Reflection and Coupling Between Structures due to Components Errors
Consider the residual reflection and coupling between structures due to the finite directivity of the directional couplers and mismatches at the loads attached to them. The construction of most directional coupler is such that the device has a set of reflection symmetries. Hence, at some reference planes that are chosen to reveal these symmetries, the scattering matrix of an imperfect directional coupler should take the following form [4] :
Imposing unitarity to this form and shifting the reference planes of Ports 3 and 4 by −π/2, one can write a an expression for the scattering matrix of an imperfect directional coupler that is compatible with Eq(1):
where the directivity of the coupler
Now, we introduce a load at the third arm of the above four-port network. The load has
The resultant three-port network has a scattering matrix which, of course, is not unitary. We expand this matrix in orders of δ i and i and keep only first order terms. Then the three-port network is represented by:
With reference to Figure 2 , we move reference planes of Ports 2 and 3 with an angle ψ(i), θ(i) respectively. This is similar to the transition from Eq(1) to Eq(4). Having an expression for the the three-port scattering matrix for each coupler i allows us to cascade all of them together [5] to get the total (n + 1) × (n + 1) scattering matrix S of the system. We now list the results of this procedure that is correct only to first order in δ i and i .
As expected the coupling between the first port, Port 1 and the remaining n ports is given by:
The intrinsic reflection coefficient of the system is now finite and is given by:
The coupling between feeding ports is given by S ij = S ji that represent the coupling between the port that feed accelerator j − 1 and accelerator i − 1 and is given by:
The accelerator structure feeds are also mismatched and have a residual reflection coefficient and is given by:
Finally, the reflection seen by the n th accelerator structure is given by:
Eqs. The same of course can be said about the coupling between accelerator structures; the phases in the summation term can be used to minimize the coupling. However, in this case one can also tune each coupler individually by adjusting the load reflection coefficient, k with respect to δ k . This is accomplished experimentally by perturbing the the waveguide connecting the load to the coupler. Finally, the reflection coefficient seen by each structure benefits from this tuning procedure as well, but it can be taken into account when tuning the coupling of each individual accelerator structure.
IV. CONCLUSION
The RF feeding system for a set of standing-wave accelerator structures was presented.
The system comprises a chain of directional coupler connected in series. Each coupler bleeds off an equal amount of power, and hence, their coupling is tapered along the chain. We also presented a set of expressions that enables system designers to estimate system parameters and errors. The fundamental results of this work is summarized in the following few points:
1. The reflected signal to the source depends only on the spacing between accelerator structure.
2. By appropriate choice of the spacing between accelerator structures, the reflection to the source from the system could be eliminated, see Eq(10). Hence, we eliminate the need for using circulators in such a system.
